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Wavefunction is the foundation of quantum theory, which is assumed to give a complete description
of a quantum system. For a long time, wavefunction is introduced as an abstract element of the
theory and there lacks effective ways to measure it directly. The situation, however, is somewhat
changed when Lundeen et al. reported the direct measurement of the quantum wavefunction via
weak measurements, which gives the wavefunction a clearly operational definition [Nature 474, 188
(2011)]. The weak measurement method requires sequential measurements of conjugate observables
position and momentum with the position measurement is weak enough. Surprisingly, the recent
research by Vallone and Dequal shows that performing sequential strong measurements realizes
the same target, in which case no approximation has to be made compared to the case of weak
measurements[Phys. Rev. Lett. 116, 040502 (2016)]. Here we experimentally report the direct
measurement of the two-dimensional transverse wavefunction of photons via strong measurements
for the first time, which implies that an accurate and clear operational definition can be given to
wavefunction. We have measured the Gaussian and Laguerre-Gaussian of l = 1 spatial wavefunctions
of photons with R-square are 0.97 and 0.93 respectively. As a potentially important application,
we show that the direct measurement of two-dimensional wavefunction provides an alternative way
to realize digital holography of three-dimensional objects. The results presented here will not only
deepen our understanding of abstract wavefunction but also have significant applications in quantum
information processing and quantum imaging.
As the core of quantum theory, the quantum system
is described by the quantum state |ψ〉 or wavefunction
ψ [1–3]. According to Born rule, the modulus square of
wavefunction predict the probabilities of all kinds of mea-
surement outcomes [4]. Since the beginning, the mystery
wavefunction confuses generations of physicists, most of
them eventually give away and take the pragmatic atti-
tude following the philosophy of Copenhagen ‘Shut up
and calculate!’ [5]. The question about the reality of
wavefunction, however, never fades away [6–9]. Debates
on whether or not wavefunction represents subjective
knowledge or information about some aspect of reality
[10–12] or corresponds directly to objective reality [13–
15] continue with foreseeable future.
From the point of view of practical applications, on the
other hand, an operational definition of wavefunction,
i.e., how reconstruct the wavefunction of the quantum
system is required. Unfortunately, the unknown state of
a single quantum is impossible to be determined due to
the facts that measurement inevitably disturb the system
and no-cloning theorem [16]. For an ensemble of quan-
tum states undergo the same preparation process with
individual described by the same wavefunction ψ, the
wavefunction ψ can be reconstructed by quantum state
∗ This authors contribute equally to this work
† gyxiang@ustc.edu.cn
‡ yshzhang@ustc.edu.cn
tomography (QST) [17–19], which requires measuring a
large number of complete sets of noncommuting observ-
ables of system. Construction of ψ by QST needs com-
plicated computations with the increasing dimensions of
measured system. Indeed the transverse wavefunction of
single photons has never been reported via QST method.
Significant progress was made by Lundeen et al. who
reported the realization of direct measurement of trans-
verse wavefunction of photons [20] based on the weak
measurement [21–23]. This method, which called direct
weak tomography (DWT) [24], provides a clearly opera-
tional definition of wavefunction by measuring it directly
and avoids the complicated measurements and calcula-
tions in the case of QST. The ”direct measurement” here
in DWT refers to that the real and imaginary part of the
wavefunction being probed at a spatial point is propor-
tional to the real and imaginary part of weak value at
that point, therefore it can be directly obtained based
on the measurement probabilities. The DWT method of
measuring wavefunction rests on the sequential measure-
ment of conjugate observables of system, i.e., position
and momentum with the first measurement of position
pix ≡ |x〉〈x| is weak enough followed by a strong mea-
surement of momentum [24]. Suppose that the initial
state of particles being measured is |ψ〉, the weak value
of pix given that momentum P = p is
〈pix〉w = 〈p|x〉〈x|ψ〉〈p|ψ〉 =
eipx/~
φ(p)
ψ(x). (1)
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2FIG. 1. Scheme of direct strong tomography(DST). In
the case of two-dimensional transverse wavefunction measure-
ment, |ψ〉S = ∑dx,y=1 ψ(x, y)|x, y〉, |0〉P = (|H〉 + |V 〉)/√2,
UˆSP = e
−iθ|x,y〉〈x,y|⊗σˆy with θ = pi/2 represent strong posi-
tion measurement, |p0〉 = ∑x,y |x, y〉/√d is the zero trans-
verse momentum state.
Choosing p = 0, the wavefunction of particles is thus
determined by
ψ(x) = φ(0)〈pix〉w (2)
with φ(0) is a constant. The real and imaginary part of
weak value 〈pix〉w can be obtained by performing proper
complementary observables measurement on the pointer
[25]. Scanning step by step along x direction, the wave-
function distribution ψ(x) can be achieved.
The DWT method has been widely applied in the mea-
surement of photonic state [26–29] since the report of
wavefunction measurement. For a period of time, peo-
ple believed that weak measurement in DWT is the key
to realize direct tomography of quantum state. Surpris-
ingly, the recent work of Vallone and Dequal shows that
it is not the case and strong measurement gives the bet-
ter direct measurement of wavefunction [24]. The strong
measurement method, which called direct strong tomog-
raphy (DST), has the same framework with that in DWT
but with the measurement of position be strong, i.e., the
interaction between system and pointer is strong. The
interaction strength of position measurement in DST ac-
tually can be arbitrary and thus DWT is only the weak
limit case of DST. The DST method has been applied in
discrete system and shown better accuracy and precision
in state reconstruction than DWT [30, 34].
In this work, we experimentally report the direct mea-
surement of the two-dimensional spatial wavefunction of
photons based on the DST method. For photons trav-
elling along z direction, we directly measure its trans-
verse wavefunction ψ(x, y) in the x − y plane. In par-
ticular, wavefunction of photons carrying orbital angu-
lar momentum is measured. As a potentially important
application, we discuss the digital holography of three-
dimensional objects based on the direct measurement of
two-dimensional spatial wavefunction of light.
The scheme of DST is shown in Fig. 1. Con-
sider particles travelling along z direction with initial
state of system be |ψ〉S , in the position representa-
tion |ψ〉S =
∫
ψ(x, y)|x, y〉dxdy with ψ(x, y) is the two-
dimensional transverse wavefunction to be measured. It
FIG. 2. Experiment setup for measurement of trans-
verse wavefunction via direct strong tomography. The
setup consists of four modules: (a) preparation of initial
state of photons as
∫
ψ(x, y)|x, y〉 ⊗ |0〉P dxdy with ψ(x, y)
be Gaussian or Laguerre-Gaussian of l = 1 and |0〉P =
(|H〉+ |V 〉)/√2; (b) strong measurement of |x, y〉〈x, y| is per-
formed via a phase-only spatial light modulator (Hamamatsu
X10468) with 10× 10 pixel block for each scanning step and
each pixel is about 12.5µm×12.5µm; (c) post-selection of sys-
tem into zero transverse momentum via a Fourier transform
lens (Thorlabs AC508-400-B-ML) with focal length f = 40cm
and a pinhole with diameter of 50µm; (d) pointer measure-
ment with a polarization analyser to directly extract real and
imaginary part of wavefunction. PBS: Polarizing beam split-
ter; SLM: Spatial light modulator; HWP: Half wave plate;
QWP: Quarter wave plate.
is more appropriate to recast in the discrete form as
|ψ〉S =
∑d
x,y=1 ψ(x, y)|x, y〉 in practice due to the lim-
ited precision of measurement apparatus. The pointer
is chosen as polarization qubit with initial state |0〉P =
(|H〉+ |V 〉)/√2 in our case. Here |H〉, |V 〉 represent hor-
izontal and vertical polarization of photons respectively.
The composite state of the system and the pointer, after
interaction, evolves into
|Ψ〉SP = UˆSP |ψ〉S ⊗ |0〉P = e−iθ|x,y〉〈x,y|⊗σˆy |ψ〉S ⊗ |0〉P ,
(3)
where θ represents the strength of coupling and σˆy is
a Pauli operator defined in the basis {|0〉, |1〉}. In the
case of strong position measurement θ = pi/2, UˆSP =
Iˆ − |x, y〉〈x, y| ⊗ (Iˆ + iσˆy), we thus have
|Ψ〉SP = |ψ〉S ⊗ |0〉P −
√
2ψ(x, y)|x, y〉 ⊗ |−〉P (4)
with |−〉P = (|0〉P − |1〉P )/
√
2 and |1〉P = (|H〉 −
|V 〉)/√2. After strong measurement of position, we per-
form projective measurement of momentum with result-
ing state |p0〉 =
∑
x,y |x, y〉/
√
d stands for zero trans-
verse momentum. The state of pointer, given that post-
selected momentum state is |p0〉, becomes (unnormal-
ized)
|ϕ〉P = 〈p0|Ψ〉SP = 1√
d
[ψ˜|0〉p −
√
2ψ(x, y)|−〉P ], (5)
3FIG. 3. Gaussian spatial wavefunction. The real and
imaginary part of wavefunction are shown in the upper row
while the corresponding probability density and phase distri-
bution are shown in the lower row. The R-square between the
measured data of probability density and the ideal Gaussian
distribution is 0.97.
where ψ˜ =
∑
x,y ψ(x, y). The phase of ψ˜ is a global
phase for every ψ(x, y), which can be chosen such that ψ˜
is real valued and positive. The real and imaginary part
of wavefunction ψ(x, y) can be obtained by performing
proper measurements on the pointer, specifically we have
Re[ψ(x, y)] =
d
2ψ˜
(P|+〉 + 2P|1〉 − P|−〉),
Im[ψ(x, y)] =
d
2ψ˜
(P|L〉 − P|R〉),
(6)
where P|±〉 = |〈±|ϕ〉|2, P|L〉 = |〈L|ϕ〉|2, P|R〉 = |〈R|ϕ〉|2
and P|1〉 = |〈1|ϕ〉|2 with |±〉 = (|0〉 ± |1〉)/
√
2, |L〉 =
(|0〉 + i|1〉)/√2 and |R〉 = (|0〉 − i|1〉)/√2. It should be
noted that the above equations are accurate while in the
DWT method the first order approximation is taken.
Our experiment setup for realizing direct wavefunction
measurement of photons via DST is shown in Fig. 2.
The setup consists of four stages: preparation of the ini-
tial states of photons, strong measurement of transverse
position of photons, post-selection of photons with zero
transverse momentum, and readout of measurement.
The stream of photons with centre wavelength of
808nm are produced in one of two ways, either by a laser
beam or by generating heralded single photons through
spontaneous parametric down-conversion (SPDC) via
pumping a type-II Beta Barium Borate (BBO) crystal.
Photons are then coupled into a single mode fiber (SMF)
and collimated after emitting from the SMF, with the
transverse mode is approximately Gaussian. The initial
state of pointer i.e., the polarization of photons is pre-
pared via a polarizing beam splitter (PBS) and a half
wave plate (HWP) rotated by pi/8 radian. Photons that
carry orbital angular momentum l = 1 are produced by
adding a vortex phase plate after the HWP in our ex-
periment. Photons with higher angular momentum state
can be realized via spatial light modulator (SLM). This
FIG. 4. Laguerre-Gaussian spatial wavefunction of l =
1. The real and imaginary part of wavefunction are shown
in the upper row while the corresponding probability density
and phase distribution are shown in the lower row. The R-
square between the measured data of probability density and
the ideal Laguerre-Gaussian distribution of l = 1 is 0.93.
completes the preparation of the initial states of photons
as
∫
ψ(x, y)|x, y〉⊗|0〉P dxdy with |0〉P = (|H〉+ |V 〉)/
√
2
and the two-dimensional transverse wavefunction ψ(x, y)
be Gaussian or Laguerre-Gaussian of l = 1.
We implement strong measurement of system by us-
ing a phase-only SLM, which rotates the polarization of
photons from state |0〉P into |1〉P = (|H〉 − |V 〉)/
√
2 at
the block area with 10×10 pixels and each pixel is about
12.5µm×12.5µm. This realizes von Neumann-type inter-
action Hamiltonian Hˆ = θ|x, y〉〈x, y| ⊗ σˆy with θ = pi/2
and correspondingly unitary transformation Uˆ = e−iHˆ .
The post-selection of system into zero transverse momen-
tum is then realized via a Fourier transform lens with
focal length f = 40cm and a pinhole with diameter of
50µm. The post-selected photons are subsequently sent
into a polarization analyser, which consists of a HWP, a
quarter wave plate (QWP), a PBS and two detectors, for
final readout. If we regard the polarization as a spin-1/2
system, then the real part and imaginary part of wave-
function ψ(x, y) are proportional to expectation values of
Pauli observables according to Eq. (6) as
Re[ψ(x, y)] ∝ 〈ϕ|(σˆx + 2|1〉〈1|)|ϕ〉
Im[ψ(x, y)] ∝ 〈ϕ|σˆy|ϕ〉,
(7)
where |ϕ〉 represent the polarization state of the post-
selected photons, and σˆx ≡ P|+〉 − P|−〉 and σˆy ≡ P|L〉 −
P|R〉 define the Pauli x and y matrices respectively.
In order to obtain full distribution of wavefunction
ψ(x, y), we perform scanning on the x − y plane of
the SLM step by step with elementary area of 10 × 10
pixels. The measurement of real and imaginary part
of the wavefunction directly gives the probability dis-
tribution |ψ|2 = Re2ψ + Im2ψ and phase distribution
ϑ(x, y) = arctan(Reψ/Imψ). By not inserting or insert-
ing a vortex phase plate, we have measured the Gaus-
sian spatial wavefunction of photons and wavefunction
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FIG. 5. Schematic of quantum digital holography. The
wavefunction ψ(xo, yo) in the object plane (xo, yo) can be in-
ferred based on the measured wavefunction ψ(xd, yd) in the
imagine plane (xd, yd) via Fast Fourier transformation algo-
rithm according to Eq. (10). The object is reconstructed by
comparing the ψ(xo, yo) with the input known wavefunction
ψ(xi, yi) via computer program.
of photons carrying orbital angular momentum of l = 1
as shown in Fig. 3 and Fig. 4 respectively. The figures
are obtained via fitting of measured data and the qual-
ity of fit measured by R-square between the measured
data of probability density and the ideal distribution are
approximately 0.97 and 0.93 for Gaussian and Laguerre-
Gaussian of l = 1 case respectively.
As a potentially important application, the direct mea-
surement of two-dimensional spatial wavefunction of pho-
tons provides an alternative way to realize the digital
holography of three-dimensional objects. In conventional
digital holography, the object light has to be interfere
with reference light [31, 32]. In order to obtain the com-
plex distribution of the object light field, a phase-shifted
interferometry is used, i.e., the phase of object light field
is inferred by modulating the phase of reference light. In
contrast, the direct wavefunction measurement method
provides a direct way to obtain the complex distribution
of object light field without the help of reference light.
Suppose that photons with known wavefunction
ψ(xi, yi) be incident to an object, after passing through
object the reflected or transmitted wavefunction of pho-
tons becomes ψ(xo, yo) as shown in Fig. 5. The ob-
ject can be reconstructed by comparing the measured
ψ(xo, yo) with known ψ(xi, yi) via computer program.
In practice what we measure is the wavefucntion in the
imagine plane (xd, yd) and it is determined by object
wavefunction ψ(xo, yo) via
ψ(xd, yd) =
∫
K(xd, yd;xo, yo)ψ(xo, yo)dxodyo (8)
where K(xd, yd;xo, yo) is the Feynman propagator
K(xd, yd;xo, yo) =
1
iλ
eik
√
(xd−xo)2+(yd−yo)2+d2√
(xd − xo)2 + (yd − yo)2 + d2
(9)
with λ, k are the wavelength and the number of wavevec-
tor of photons respectively and d is the distance from the
object plane to imagine plane.
When d  1, the paraxial condition is satisfied, the
object’s wavefunction is given by the inverse transforma-
tion of Eq. (7)
ψ(xo, yo) =
∫
L(xo, yo;xd, yd)ψ(xd, yd)dxddyd (10)
with
L(xo, yo;xd, yd) =
e−ikd
−iλd exp{
−ik[(xd − xo)2 + (yd − yo)2]
2d
}.
(11)
With the help of Fast Fourier transformation algorithm,
we can obtain the object wavefunction ψ(xo, yo) from the
measured wavefunction ψ(xd, yd) in the imagine plane
and then reconstruct object by comparing with the input
known wavefunction ψ(xo, yo) via computer program.
In conclusion, we have experimentally demonstrated
the measurement of two-dimensional spatial wavefunc-
tion of photons via the method of direct strong tomog-
raphy, which provides an accurately and clearly opera-
tional definition of wavefunction. The realization of two-
dimensional spatial wavefunction offers a quantum way
to realizing digital holography of three-dimensional ob-
jects. When combined with compressive algorithm [33]
and scan-free approach [29], the direct wavefunction mea-
surement provides the possible real-time imagining of ob-
jects. The results not only deepen our understanding of
abstract wavefunction but also may have significant ap-
plications in quantum information processing and quan-
tum digital holography.
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